The high-yield synthesis of a new bibrachial lariat azacrown constituted by two tris(2-aminoethyl)amine (tren) units functionalized in one of its arms with a 4-methylquinoline group linked by dimethylene pyridine spacers (L2) is reported for the first time. The speciation studies show formation of mono-and binuclear Cu 2+ complexes of similar stability. Comparisons are established with the complexes formed by the precursor tren-quinoline derivative (L4) and with the previously reported ligands containing naphthalene instead of quinoline as the fluorophore (L1, L3). The kinetics of formation and decomposition of Cu 2+ complexes with L1 and L2 has been studied. For L1, the acid-promoted decomposition of mono and dinuclear complexes occurs in all cases with a rapid step within the stopped-flow mixing time that leads to the formation of an intermediate that decomposes in two additional steps. In the dinuclear complexes, both metal ions dissociate from the ligand with statistically-controlled kinetics. Complex formation with L1 occurs through the same intermediate observed during the decomposition. For L2, only the formation and decomposition of binuclear complexes could be studied, and the kinetic data show that the metal ion can coordinate both in square pyramidal sp and trigonal bipyramidal (tbp) geometries, coordination being faster in the sp environment and dissociation being faster from tbp. DFT and TD-DFT have been also carried out to determine the geometries with both coordination environments as well as their electronic spectra. The results of calculations indicate that the appearance or not of a mixture of coordination geometries does not necessarily require the participation of the quinoline ring.
Introduction
The so-called brachial lariat ethers were built with the idea to join encapsulating ability with rapid association and dissociation kinetics so that associated substrates can be transported and delivered in an efficient way [1, 2] . A few years ago some of us reported the synthesis, copper coordination, anion coordination and photochemical properties of the bibrachial azacrown L1 (Scheme 1) [3, 4] . The presence of only nitrogen donors in L1 switches its binding ability from the harder alkaline and alkaline earth metal ions preferred by lariat ethers to the softer transition metal ions [5] .
L1 displays interesting chemistry and photochemical properties regarding the relative motions and arrangements adopted by the side chains containing the fluorophoric naphthalene moieties with respect to the macrocyclic core. Such reorganizations brought about by changes in pH and metal coordination can be of relevance regarding the interaction of L1, either in its free form or filled with substrates, with other molecules of biological relevance such as nucleotides, nucleic acids or proteins [6] [7] [8] [9] . Following this idea, we thought that analogous receptors in which the condensed aromatic ring at the side arms presented donor atoms outwardly oriented may facilitate the interaction with further molecules. To do so we have prepared a new macrocycle of this series containing 4-quinoline substituents (L2). For comparative purposes, we have also isolated its synthetic precursor (L4) built up linking a quinoline ring through its 4-position to one of the branches of the tripodal polyamine tris(2-aminoethyl)amine (tren). Furthermore, quinoline derivatives have demonstrated great relevance in medicinal chemistry, in particular, regarding their potential actuation as drugs for the treatment of malaria, arthritis, Alzheimer and cancer [10] [11] [12] [13] [14] [15] . Besides the synthetic procedure and characterization of the compounds, we describe the Cu 2+ coordination chemistry of these two new compounds. Finally, as kinetics is a key aspect of the chemistry of this kind of compounds, we provide a detailed kinetic analysis of the Cu 2+ coordination with L1 and L2, both in the formation and dissociation directions. The whole set of equilibrium and kinetic information allows us to discuss how the presence of the heteroatom has a drastic influence on molecular reorganization and Cu 2+ coordination.
Experimental

Synthesis of the ligands
L1 and L3 were synthesized as described in Ref. [3] and isolated as their perchlorate and hydrochloride salts, respectively. CAUTION: Perchlorate salts of organic compounds might be explosive and should be handled with care.
Synthesis of L4Á4HC1Á1.5H 2 O
Quinoline-4-carbaldehyde (0.51 g, 3.2 mmol) and N 1 ,N 1 -bis(2aminoethyl)ethane-1,2-diamine (1.40 g, 9. 60 mmol) were dissolved in 100 mL of EtOH-CH 3 CN (1:1). The resulting solution was stirred for 2 h and then the solvent evaporated. The obtained residue was dissolved in EtOH and NaBH 4 (1.12 g, 29.5 mmol) was added portion wise. After two hours at room temperature the solvent was evaporated to dryness. The resulting residue was treated with water and repeatedly extracted with dichloromethane (3 Â 50 mL). The organic phase was then dried with anhydrous sodium sulfate and the solvent evaporated to yield the free amine as an oil. The oil was then taken in a minimum amount of EtOH and precipitated with aqueous HCl as its hydrochloride salt (yield 73%). mp = 210-212°C. 1 13 13 C, respectively) [16] . Adjustments to the desired pH were made using drops of DCl or NaOD solutions. The pD was calculated from the measured pH values using the correlation pH = pD À 0.4 [17] .
Equilibrium studies
The potentiometric titrations were carried out at 298.1 ± 0.1 K using 0.15 M NaCl as supporting electrolyte. The experimental procedure (buret, potentiometer, cell, stirrer, microcomputer, etc.) has been fully described elsewhere [3] . The reference electrode was an Ag/AgCl electrode in saturated KCl solution. The glass electrode was calibrated as a hydrogen-ion concentration probe by titration of previously standardized amounts of HCl with CO 2 -free NaOH solutions and the equivalent point determined by Gran's method [18, 19] , which gives the standard potential, E°', and the ionic product of water (pK w = 13.73(1)). The acquisition of the emf data was performed with the computer program PASAT [20] .
The computer program HYPERQUAD was used to calculate the protonation and stability constants [21, 22] . The pH range investigated was 2.0-11.0, and the concentration of the metal ions and of the ligands ranged from 1 Â 10 À3 to 5 Â 10 À3 M with M:L molar ratios varying from 2:1 to 1:2. The different titration curves for each system (at least two) were treated either as a single set or as separated curves without significant variations in the values of the stability constants. Finally, the sets of data were merged together and treated simultaneously to give the final stability constants. 
Kinetic studies
The kinetic experiments were conducted at 298.1 ± 0.1 K in the presence of 0.15 M supporting electrolyte with either a Cary 50-BIO spectrophotometer or an Applied Photophysics SX17MV stopped-flow instrument provided with a PDA-1 diode array detector. In both cases, the kinetic experiments provided spectral changes with time that were analyzed using global analysis procedures with the SPECFIT software [23] . All solutions for the kinetic work on complex decomposition contained Cu 2+ and the ligand in 1:1 or 2:1 M ratio ([Cu] 0 = 4-8 Â 10 À4 M and [L] 0 = 4 Â 10 À4 M), the pH being adjusted with NaOH to values at which the species distribution curves indicate that the concentration of the complexes achieve a maximum in solution. For kinetic studies on complex formation, a solution of the ligand ([L] 0 = 4 Â 10 À4 M) whose pH had been previously adjusted with HCl or NaOH solutions was mixed in the stopped-flow instrument with a solution containing 1 or 2 equivalents of Cu 2+ with the pH adjusted at the same value. No buffers were added because it has been previously shown that buffering agents can interact with either the metal ion or the protonated forms of polyamine ligands [24] . Because of the absence of buffers the reactions of complex formation occur with changes in the concentration of protons, which were taken into account by introducing them in the kinetic model used to analyse the data.
Computational details
All DFT calculations were carried out with the Gaussian 09 software package [25] using the B3LYP hybrid functional [26, 27] . Spin unrestricted calculations were performed for the paramagnetic species. The Stuttgart-Dresden SDD basis set [28] was used with a relativistic effective core potential for copper, and all ligand atoms (C, N, O, H) were described by the Pople-style basis set 6-31G(d,p) [29] . Test calculations with the nonhybrid BP86 functional gave very similar results, and so the hybrid B3LYP functional was used to allow for comparison with previous work [30] . All geometry optimizations were performed without any symmetry constraints and efforts were made to find the lowest energy conformations by comparing the structures optimized from different starting geometries. Optimizations were performed with the effects of the aqueous phase (e = 78.39) included self-consistently through the conductor-like polarisable continuum model (CPCM) [31] as implemented in Gaussian 09 [25] . The energies given in the text correspond to free energies in solution at 298.15 K, and include dispersion energy corrections (D3) [32] obtained by single-point calculations on the optimized structures.
The electronic absorption spectra of the previously optimized species were calculated by using the time-dependent DFT (TD-DFT) formalism [33] at the same computational level. The nonspecific solvent effect was considered in the TD-DFT calculations via the nonequilibrium version of the CPCM algorithm [31] . The energy and oscillator strength of the lowest 30 singlet-excited-state transitions were calculated for each complex. GaussSum 2.2 was employed to draw the absorption spectra (full width at half maximum = 3000 cm À1 ) [34] .
Results and discussion
Equilibrium studies on ligand protonation and formation of Cu 2+ complexes
The equilibrium constants for the protonation of L2, L4 and the formation of their Cu 2+ complexes were determined by potentiometric titrations and the results are included in Tables 1 and 2. For comparison, the data corresponding to the related ligands L1 and L3 systems previously reported are also included [3] .
Under the experimental conditions used L2 displays eight measurable protonation constants in the range of 9.10-2.82 logarithmic units ( Table 1 , Fig. 1B ). Taking into account the values reported and the average protonation mechanism previously described for the related ligand L1, which has naphthalene instead of quinoline rings at the side chains, the first six protonation constants should mainly involve the secondary nitrogen atoms of the macrocyclic core and lateral chains. The last two protonation steps should be involving the quinoline nitrogen atoms placed at the 4position. The pyridine nitrogen atoms are not prone to bear protonation processes in the pH range covered in this study as it has been evidenced for related macrocyclic ligands [35] [36] [37] [38] . Examination of the data obtained for the acyclic ligand L4, in which the tripodal polyamine tris(2-aminoethyl)amine (tren) has been monofunctionalised with a quinoline ring, shows as this ligand has four protonation constants. The two first two protonation constants, which are slightly higher than those of L2, involve predominantly the primary amine groups while the third one implicates the secondary amine of the arm functionalized with quinoline.
The higher basicity of the primary amino groups is usually ascribed to a better stabilization of the positive charge by hydrogen bonding with water molecules [37] . The fourth protonation step, which is intermediate between those found for the seventh and eight protonation steps of L2, should affect mainly to the quinoline nitrogen. Indeed, the open-chain ligand L3 having a naphthalene unit instead of a quinoline moiety, presents just three protonation constants. The protonation sequence of L4 has been followed by 1 H and 13 C NMR spectroscopies (see Fig. 2 and Fig. S1 in the Supplementary information) recorded in D 2 O. The 1 H singlet signals attributed to protons labeled as H4 and H5, both placed in a-position with respect to N4, experience their greatest downfield shifts (Dd H = 0.51 and 0.54 ppm, respectively) on going from pD 7.6 to pD 4.4 suggesting the protonation of the secondary amine group (N4) in the third step. This is supported by the corresponding upfield shifts observed in the 13 C NMR spectra for carbon atom C3 (Dd C = 2.93 ppm) placed in b-position with respect to N4. Protonation of the quinoline ring in the last step is supported by the 
upfield shifts of the 1 H NMR signals of the aromatic protons q3 (Dd H = 0.28 ppm) and the downfield shifts of the 13 C NMR signals of the aromatic carbon Cq3 (Dd C = 5.53 ppm) observed below pH 4. In spite of the relatively close structures of L1 and L2 very significant differences are found in the Cu 2+ speciation studies. While for both systems the stoichiometry and protonation degrees are essentially the same, with the exception of the presence of a further protonated mononuclear species and of a further hydroxylated binuclear species for L1 (see Table 2 and Fig. 3 ), the stability of some of the species formed is rather different. Particularly the stability constant for the formation of the mononuclear CuL 2+ species is four orders of magnitude greater for L1 than for L2 (log K = 20.13(9) and 16.0(1), respectively). While the CuL 2+ complex formed by L1 is two orders of magnitude more stable than the one formed by its related open-chain polyamine L3, the CuL 2+ of L2 and L4 present a much closer stability, being the complex of the macrocyclic ligand L2 even slightly less stable than that of L4. This has dramatic consequences in the profiles of the distribution diagrams. While for the system Cu 2+ -L1 mononuclear or binuclear species predominate in solution depending on the Cu 2+ :L molar ratio, for the system Cu 2+ -L2 the binuclear species start to prevail already in solution for 1:1 Cu 2+ :L molar ratio (see Fig. 3 ). In order to explain these values it has to be assumed that, as already discussed in our previous report [3] , the entry of the second copper in L1 is accompanied by the cleavage of some of the coordinative bonds between the metal ligand followed by reorganization of the macrocycle to give an evenly distributed 4-coordination of the metal centers in the binuclear complexes. However it seems that for L2 the coordination numbers of the metal centers in the mono-and binuclear should be similar with a coordination number of four. In this case, bond breaking followed by bond reorganization upon the entry of the second metal ion would not be necessary.
The kinetics of the acid-promoted decomposition of mono-and binuclear Cu 2+ -L1 and Cu-L2 complexes
According to the species distribution curves in Fig. 3 , addition of an excess of acid to a solution containing Cu 2+ -L1 or Cu 2+ -L2 complexes leads to complex decomposition with formation of Cu 2+ and H 6 L1 6+ or H 8 L2 8+ respectively, and the kinetics of decomposition can be easily followed by measuring the disappearance of the characteristic absorption band of the complex. Nevertheless, to avoid possible complications caused by different species having different kinetics of decomposition, the composition of the starting solution was selected with the help of the speciation curves in such a way that there is a single major species in solution. Thus, for the Cu 2+ -L1 system the kinetics of decomposition was monitored for solutions containing the mononuclear Cu(H 2 L1) 4+ , Cu(HL1) 3+ and CuL1 2+ , and the binuclear Cu 2 (HL1) 5+ species. For Cu 2+ -L2 the selected species were only binuclear (Cu 2 (H 2 L2) 6+ , Cu 2 L2 4+ and Cu 2-L1(OH) 3+ ) because the species distribution curves ( Fig. 3 C and D) show that significant amount of binuclear species are present even in 1:1 M ratio.
For the Cu 2+ -L1 system all the three mononuclear species studied show an absorption band at 660 nm whose intensity decreases within the stopped-flow mixing time upon addition of the acid excess. This initial rapid step leads to an intermediate with a broad band at approximately the same wavelength, and the values of the rate constant (k 1obs ) cannot be measured even at the lower concentrations of acid compatible with pseudo-first order conditions. Following that step there are additional spectral changes that occur in the stopped-flow time scale and that can be fitted satisfactorily by using a kinetic model with two consecutive exponentials to yield the spectra of the different participating species (Fig. 4 ) and the rate constants for both steps (k 2obs and k 3obs ). The values of the latter rate constants show a linear dependence on the acid concentration ( Fig. 5 ) and they are similar for the three Cu(H x L1) (2+x)+ (x = 0-2) species, so that they can be satisfactorily fitted by eq. 1 and yield the values of a and b in Table 3 . Although the binuclear Cu 2 (HL1) 5+ species show the absorption band slightly shifted (685 nm) with respect to the mononuclear complexes, the kinetic features are similar. There is a rapid-non-measurable kinetic step within the stopped-flow mixing time followed of two additional resolvable kinetic steps that depend on the acid concentration (see calculated spectra in Fig. 4 and rate constants in Fig. 5 ), the fit by Eq. (1) leading to the a and b values in Table 3 .
The occurrence of polyphasic kinetics in the decomposition is not surprising given the polydentate nature of the ligand, and actually there are several literature precedents [39, 40] . The 
Table 3
Kinetics parameters for the decomposition of mono-and di-nuclear Cu 2+ -L1 complexes.
Complex
Step intermediates detected in the decomposition of the mono-and dinuclear species must correspond to higher protonated forms of the complexes not detected in the potentiometric studies because of its transient nature. It is important to note that Fig. 4 shows that the molar absorptivies of the binuclear species essentially double those of the mononuclear species, which rules out the possibility that the first metal ion dissociates very rapidly. In that case, the non-zero intercept and the slope in the plot measure the relative contributions of the solvent and proton attacks. The small values of a in Table 3 would thus indicate that the complexes decompose mainly through proton attack to the activated intermediate.
Another interesting aspect of the kinetic data in Fig. 5 is that the k 2obs values for decomposition of the mono-and dinuclear complexes are very similar, whereas the spectra in Fig. 4 indicate that the molar absorptivities of the binuclear species double the values for the mononuclear species. These facts can be considered strong evidence on the operation of statistical kinetics in the decomposition of the dinuclear complexes, a phenomenon previously reported for other macrocyclic complexes and clusters [44] [45] [46] [47] . In that case the dinuclear complex will decompose in two steps which involve the sequential dissociation of both Cu 2+ ions with rate constants in the statistical 2:1 ratio, but because of mathematical simplifications only the value of the rate constant for the exit of the second Cu 2+ can be measured and so, the values are similar to those found for the decomposition of the mononuclear complex. The conditions required for this mathematical simplification have been summarized recently and essentially consist in the independent behavior of the metal centres in the binuclear species both from the kinetic and spectral points of view [45] .
In the case of L2 the situation is different. As noted above, only the decomposition of binuclear Cu 2 (H 2 L2) 6+ , Cu 2 L2 4+ and Cu 2-L1(OH) 3+ complexes were studied, although similar kinetics was found for all of them. The binuclear species show spectra with two overlapping bands, one centered at 635 nm, typical of species with sp geometry, and the other one centered at 780 nm, typical for complexes with tbp geometry. In this case there are not significant spectral changes within the stopped-flow mixing time when an excess of acid is added, and the spectral changes recorded during the decomposition process indicate biphasic kinetics with the band centered at 780 nm disappearing faster than that at 660 nm (Fig. 6) . The changes were fitted to a model with two consecutive steps that yields the values of the two rate constants and the calculated spectra in Fig. 7 . The acid dependence of the rate constant for the first step ( Fig. 8) can be represented by Eq. (6) with c = (0.90 ± 0.03) s À1 and d = (41 ± 3) M À1 , while the second step shows a linear dependence with acid concentration (Eq. 1, Fig. 8 ) with b = (4.3 ± 0.2) M À1 s À1 and a negligible value of a. It is important to note that Eq. (6) is also a simplification of Eq. (5), so that the Margerum's mechanism can be also operating in this case, although the absence of a proton-independent term in the numerator would indicate that the contribution of the solvent attack pathway is negligible in this case.
The most important observation derived from the kinetics of decomposition of Cu 2+ -L2 complexes is that the starting complex appears to contain the metal centres in two different geometries. One Cu 2+ would have a tbp environment and it is the first one to be released (Eq. 7). The other Cu 2+ would be in a square pyramidal (sp) environment and would dissociate more slowly (Eq. 8). The dissociation of both ions would go through the Margerum's mechanism with a negligible contribution of the pathway involving solvent attack. The different equations required to fit kinetic data for both steps would simply reflect the different relative values of the intimate rate constants in Eq. (5) .
The kinetics of formation of mono-and binuclear Cu 2+ -L1 and Cu 2+ -L2 complexes
The kinetics of complex formation has also been studied over the pH range 2.8-5.3. In order to make complex formation slow enough to be measured with the stopped-flow instrument, the kinetic studies were conducted under non-pseudo first-order conditions, i.e., using stoichiometric concentrations of the metal ion (1 or 2 equivalents) and the ligand. No buffers were used because the highly protonated form of the ligands can interact with the anionic form of the buffer as has been previously shown [24] .
The formation of mononuclear Cu 2+ -L1 species was monitored using Cu 2+ L1) (2+z)+ ] (z = 0-2) species centered at 665 nm. According to the speciation curves and the experimental conditions used, that anticipate a pH decrease upon complex formation, the major species in the reaction product is Cu(H 2 L1) 4+ . Interestingly, the fit of these spectral changes also require a model with two consecutive steps and the spectra calculated for the different species (Fig. 9 ) agree very well with those derived from kinetic data for complex decomposition (compare with Fig. 4 ), thus indicating that formation and decomposition of these complexes occurs through the same reaction intermediate. As indicated above, this intermediate probably corresponds to a highly protonated species that is not detected in the potentiometric studies because of its transient nature. With regard to the rate constants, k 1obs is first order with respect to both reagents (Cu 2+ and L1), whereas k 2obs corresponds to a reorganization step with first order kinetics (Eqs. 9 and 10). However, both rate constants depend on the acid concentration, as illustrated in Fig. 10 for the first step. This dependence is typical of prequilibria involving at least one of the reagents. As there is no formation of Cu 2+ hydroxocomplexes in the pH range covered in these kinetic studies, the dependence must be associated exclusively to the different protonated forms of the ligand. According to the species distribution curves, the solutions may contain H 4 L1 4+ , H 5 L1 5+ and H 6 L1 6+ , and complex formation can then occur through three parallel pathways involving Cu 2+ and these ligand forms (Eqs. 11-15 ). The rate law for this mechanism (Eq. 16) contains too many unknowns but the pH dependence of the experimental rate constant can be used to separate the contribution of the different H x L1 x+ species following a procedure previously used for a similar case [48] . Fig. 11 , and a fit of the data indicates that only H 6 L1 6+ contributes significantly to complex formation under the experimental conditions used, with a value of k 6 = (1.62 ± 0.02) Â 10 3 -M À1 s À1 . Although the values of k 4 and k 5 should be expected to be higher than k 6 for electrostatic reasons, the difference must not be too large because the experimental results indicate that they are not able to compensate the larger concentration of H 6 L1 6+ , the dominant species at those conditions ( Fig. 1) . Moreover, we have also shown recently that the changes in the network of hydrogen bonds existing between different protonated forms of polydentate ligands can even make slower the reaction through the less protonated forms [49] .
Cu 2þ þ ðH x L1Þ xþ ! ½CuðH y L1Þ ð2þyÞþ þ ðx À yÞH þ k 1obs ð9Þ ½CuðH y L1Þ ð2þyÞþ ! ½CuðH z L1Þ ð2þzÞþ þ ðy À zÞH þ k 2obs ð10Þ
To monitor the formation of binuclear Cu 2+ -L1 complexes, solutions of Cu 2+ and the ligand in 2:1 M ratio were mixed in the stopped-flow instrument. The pH range covered was similar to that used for mononuclear species and, according to the species distribution curves, the reaction product will be a mixture of Cu(H 2 L1) 4+ , Cu 2 (HL1) 5+ and Cu 2 (H 2 L1) 6+ . The analysis of the kinetic data now requires a model with three consecutive steps, the calculated spectra being those shown in Fig. 9 . The first step leads to formation of the same intermediate observed during the formation of the mononuclear species (compare spectra for the formation of mono and dinuclear species in Fig. 9 ), and the rate constants are also similar ( Figs. 10 and 11) , the value of k 6 derived using the numerical treatment described above being k 6 = (1.82 ± 0.01) Â 10 3 M À1 s À1 . In fact, satisfactory results are obtained when the analysis of both series of experiment is carried out simultaneously with a value of k 6 = (1.72 ± 0.03) Â 10 3 M À1 s À1 . The second resolved step in the formation of binuclear species leads to an intermediate whose spectrum clearly indicates that it corresponds to a binuclear complex (see Fig. 9 ), i.e. coordination of the second metal ion occurs in this step. However, attempts to fit the data using a second order kinetics for this step were unsuccessful and satisfactory fits lead to first order rate constants k 2obs that shows a pH dependence that reveals the existence of an acid-base pre-equilibrium also in this step, as found for the case of mononuclear species. Unfortunately, the absence of reliable equilibrium constants hinders an analysis similar to that carried out for the first kinetic step. Moreover, it appears that the coordination of the second metal ion and the reorganization of the first one occur with close rates and this hinders a satisfactory analysis of the kinetic data for this step. The third step corresponds to reorganization of the binuclear species and it takes place with a rate constant independent on the acid concentration, k 3 -= (8 ± 1) Â 10 À3 s À1 . The final spectrum shows an absorption band centered at 685 nm, in good agreement with the spectrum recorded for Cu 2 (HL1) 5+ .
The kinetics of complex formation between Cu 2+ and L2 has been also studied, although limited in this case to the binuclear species because the species distribution curves indicate that significant amounts of binuclear species are formed even in 1:1 M ratio. The spectral changes recorded during complex formation (Fig. 12) show the appearance of two overlapping bands with maxima at c.a. 760 and 635 nm. However, the 635 nm band appears faster than the 760 nm band, so that a kinetic model with two consecutive steps was used to fit the data. As both steps can correspond to the sequential coordination of the two Cu 2+ ions, a model with two consecutive second order processes was initially tested. However, it leads to unsatisfactory results and a model including consecutive second and first order processes was required for a satisfactory fit of the data. This conclusion was confirmed by kinetic experiments at different concentrations of the reagents, which showed that the half-time of the first step changes with the concentration whereas that of the second step does not change. The spectra calculated with this model are included in Fig. 13 , which indicates that complex formation and decomposition also occur in this case through a common reaction intermediate. That intermediate is formed in the first step and leads to the development of the 635 nm band, typical of square pyramidal complexes, with a second order rate constant of k 1 = (4.59 ± 0.04) Â 10 2 M À1 s À1 . The second step leads to the appearance of the band at 760 nm and occurs with a first order rate constant of k 2 = (5.1 ± 0.6) Â 10 À2 s À1 .
Thus, it appears that L2 can accommodate Cu 2+ ions in two different coordination environments: square pyramidal and trigonal bipyramidal. When the ions go into the macrocycle, the first one adopts sp coordination and the second one tbp coordination. In contrast, when they leave the receptor, the Cu 2+ with tbp coordination is released first. Different models can be invoked to interpret these results, but the simplest one is to consider that each resolved kinetic step corresponds to the sequential coordination of one metal ion (Eqs. 17 and 18) . Although the first-order kinetics in the second step is unusual, the fact that there is a common reaction intermediate in the processes of complex formation and decomposition supports this interpretation because decomposition of the binuclear species is reasonably expected to go through a mononuclear species.
Cu 2þ þ Cu sp L2 ! ðCu sp Cu tbp L2Þ; k 2 ð18Þ
DFT study
In previous papers we have found that the combination of theoretical studies with experimental information is very useful to understand structural reorganizations between sp and tbp geometries in macrocyclic copper complexes [30, [49] [50] [51] . For that reason, and despite the very complex nature of the present systems hinders a detailed theoretical study, we decided to carry out some DFT and TD-DFT calculations aimed to analyze the possible coordination modes of Cu 2+ coordinated to L1 and L2, as well as obtaining the corresponding calculated spectra in order to compare them with the experimental results. To simplify the calculations, and considering that previous work [30, 50] indicated that the external aromatic rings in these species do not participate in the coordination to copper centers, those aromatic rings were substituted in the model system by methyl groups to avoid conformational issues and reduce computational time. Initially, the efforts were focused on the location of all the different coordination modes that the methylated generic ligand L offers to one Cu 2+ ion. A large number of optimizations where different combinations of the ligand donors of L where initially situated in the proximities of the metal centre led only to two possible coordination modes, labeled as A and B in Fig. 14, with L acting as tetradentate in both of them. Mode A involves coordination to the nitrogen atom of one pyridine unit and three of the four nitrogen atoms of a close tren subunit, whereas mode B involves the exclusive coordination to one of the tren subunits. For coordination mode B, two geometries close in energy were optimized, one of them showing the metal centre with tbp coordination (B-tbp) and the other with sp coordination (B-sp). This finding is in agreement with previous reports showing that tren-based Cu 2+ complexes can adopt both geometries [30] . Importantly, in spite of the numerous attempts we could not locate any structure with L acting as pentadentate, probably because the remaining donors are located too far from the metal centre. Thus, an explicit H 2 O molecule was included in the calculations to complete the coordination environment of the metal centre. The optimized geometries for both models are shown in Fig. 15 together with their s parameter [52] , and TD-DFT calculated spectra [33] .
It is important to note at this point that the limitations of the model, not considering for instance explicit solvent-solute interactions, prevent us from obtaining accurate relative energies, and instead we only observe a strong correlation with the number of intramolecular hydrogen bonds.
For the case of the mononuclear Cu 2+ -L1 complexes, the experimental spectra are close to those calculated for A-sp and B-sp, which indicates that they adopt sp geometry. Although no experimental data are available for mononuclear Cu 2+ -L2 complexes, the intermediate formed upon coordination of the first ion during formation of the binuclear species also has a spectrum typical of sp coordination. Theoretical studies were also conducted on the binuclear species and the most stable Cu 2 (H 2 O) 2 L 4+ calculated geometries are collected in Fig. 16 . These result from the different possible combinations of two Cu 2+ ions with A-sp and B-tbp geometries. Unfortunately, in this case comparison with the experimental spectra does not show clear correlations.
Conclusion
The kinetic data in the present work indicate that the previously detected structural reorganization of Cu 2+ between different pentacoordinate geometries [30, [49] [50] [51] are also possible with more complicated receptors. Moreover, the different behavior detected for the L1 and L2 ligands indicates that subtle changes in the nature of the ligand can lead to drastic changes in the chemical behavior. Thus, the chemistry of L1 complexes appears to be dominated by the sp geometry, both in the mononuclear and the binuclear complexes, as well as in the intermediates detected during complex formation and decomposition. In contrast, Cu 2+ -L2 complexes can contain the metal ions in both coordination arrangements. Although the different behavior could be in principle associated to the presence of the quinoline ring, previous studies with L4 had shown [30] that the donor atom in the aromatic ring at the pendant arms cannot coordinate to the metal ion simultaneously to the nitrogens in the tren subunit. Moreover, theoretical calculations with the generic L ligand lacking of quinoline rings demonstrate that those additional nitrogen donors are not necessary to achieve both geometries, the experimental and theoretical spectra being in good agreement. 
